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^\ • Abstract. King, Modjaz, & Li (1999) discovered Nova 1999 in IC 1613 at Lick Observatory. Both Fugazza et 

I al. (2000) and Borissova et al. (2000) questioned this classification, because they were able to detect the star on 

images obtained in previous years. In infrared frames taken on Oct. 15, 1998, the Nova 1999 has (J — K) — 1.14 
and K = 14.69 mag. Our light curve study, based primarily on 92 unfiltered Lick images, suggested that the 
, object could be a Mira-type variable with a period of 640.7 days. This period is very close to that obtained by 

^ Fugazza et al. (2000) — 631 days. The star is overluminous with respect to the period-luminosity (PL) relation 

derived by Feast et al. (1989) for Mira variables in the LMC. At longer periods (P > 400 days), many LMC Miras 
show such behavior and the PL relation appears to break down. It is possible that the situation in IC 1613 is 
similar. An optical spectrum obtained with the Keck-II telescope shows features typical of M3Ie or M3IIIe stars. 
We conclude that the star is a normal long-period M-type Mira variable, the first such star confirmed in IC 1613. 
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1. Introduction recently Dolphin et al. (2001) presented Hubble Space 

, n 1 1 ^ Telescope WFPC2 VI photometry of a field in the halo 

IC 1613 is a faint irregular member of the Local Group. rrr^ icio j r j io tdd t j. j n /-< i, -j 

™ , ,. ,, TTTir/ r.^^\ -1 1 1^-1 or IC 1613 and found 13 RR Lyrae stars and 11 Cepheids. 

Ihe galaxy was discovered by Woli (1906) with the 16-mcn ■ j-a ^ j- ^ • j- j. r jj.i-uj.j- 

^ .■^ TT • 1 11 Ti 1 / ^r.n\ • 1 Using dmerent distance indicators they found the best dis- 

Bruce refractor at Heidelberg. Baade (1928), using plates , , , <• t/-^ i o ^ u o,i oi i n o,^ 

., , , _^ 1 p n 1 1- tance modulus of IC 1613 to be uo = 24.31 ± 0.06. 

taken with the 16-inch Bergedort renector, classmed it as 

• r^i J J- 1 King, Modjaz, & Li (1999) discovered Nova 1999 in 

a Magelianic-Cloud-type galaxy. o • i i ,^ o a ■ t 

„i .11 , • i^io 1 1 • ;• IC 1613 with the 0.8-m Katzman Automatic Imaging 

Ihe variable stars m IC 1613 have been mvesti- ^, r^^^-r^^ t- i ^^^^ i i ^^^vl 

^ J 1 c. J /in^i\ 1 o J /^r^r^n\ J lelcscope (KAi 1 : Li ct al. 2000: 1 ilippcnko et al. 2001 ) at 
gated by bandage (1971), Carlson & bandage (1990), and . , ^, ^ ' , ,. . , , 

J /moo \ T^- 1 i iTr im j. ^ ^ j Lick Observatory. Ihe new obiect is located at a(2000) = 

jju ui rr^iTi, r/-iu-j irames taken on 1998 October 15 at the National Mexican 

IS surrounded by nebulae. Ihe light curves of Cepheids . . , ^, n i n • at 

1 • 1 1 X • T^- 1 J A r T/^ 1 o ■ J Astronomical Observatory San Pedro Martir, Nova 1999 

and other variable stars m l-ield A oi IC 1613, obtained , , ^ , , , ^ , . ^„ • 

•ii ririT-v J2ii J 1 i i 1 u 1 J 1 has [J — K) = 1.14 and K = 14.69 mag (Borissova et al. 

with CCD unnltered photometry, have been analyzed by ^ . , . i i r 

. , 11 , 1 /lAAAN T J. A i 11 i 1 fnnc\n\ J 2000). Its presence m the images taken one year before 

Antonello et al. (1999). Later Antonello et al. (2000) and , ^ , . i i i i • i i • 

. ,1 /r,nni\ u J J.1 ii c ij • the discovery and its low observed brightness during out- 

Mantegazza et al. (2001) observed another three fields m , ,i • -r^ 

,1 1 iin/^ iT^\i liii i -1 burst call into question its classmcation as a nova, lugazza 

the galaxy (liields B, C, and D) to detect short-period , ? . , , ^ n . i . , i 

^ 1 ., 1 , 1 , . J 1- 1 ^ r • J et al. (2000) also noted that the nova falls m their lield 

Cepheids and to obtain good light curves tor hourier de- ^ , . „ , , . 

T 11 r n ij / \ J.^ r i x x i Ij (Autonello et al. 2000), and its coordinates are com- 

composition. In all tour fields (A-D) they found a total . , .... . . . , i r i • 

r -11 ; ri-rr ;. -tr cidciit withiu thc uncertamtics with those ot their vari- 
ot more than 300 variable stars or dmerent types. Very , , imr^^r^r^ mi • i in i i 
able V2950B. Ihis star was observed four years before the 

Send offprint requests to: R. Kurtev announcement of the detection as a nova. Fugazza et al. 



2 



Kurtev et al.: Mira-type Variable in IC 1613 



(2000) found a period of 631 days for optical variations. 
These authors also noted a BVRI measurement of this 
star obtained by Freedman (1988b), dating back to 1984. 



(Stetson 1993). Twelve UKIRT standard stars (Cassaly & 
Hawarden 1992) were measured before and after the nova 
observations. 



2. Observations and Data Reduction 

2.1. Photometry 

Unfiltered photometry of Nova 1999 was obtained dur- 
ing the interval 1998 July 25 - 2000 January 4 (~ 90 
CCD frames) with KAIT, as a byproduct of monitoring 
IC 1613 for supernovae. The images were obtained with 
an Apogee 512 x 512 pixel AP7 CCD camera. The scale 
at the Cassegrain focus of KAIT is 0.8" pixel" ^ and the 
total field of view is 6f8 x 6.'8. 

Additional CCD BVR frames were taken on 1999 
September 16, November 3, December 8, 2000 August 
4, and 2001 July 15 with the 2-m Ritchey-Chretien 
(RC) telescope of the Bulgarian National Astronomical 
Observatory Rozhen with a Photometries 1024 x 1024 pixel 
CCD camera. The scale at the Cassegrain focus is 0.33" 
pixel"^ and the total field of view is 5.'6 x 5f6. Stellar 
photometry of the frames taken with the 2-m telescope 
was performed with the point-spread function fitting rou- 
tine ALLSTAR available in DAOPHOT II (Stetson 1993). 
Reduction of instrumental magnitudes to the standard 
BVR system was accomplished using a few dozen obser- 
vations of Landolt (1992) standard stars on each night. 

Instrumental stellar magnitudes from the unfiltered 
KAIT observations were also derived with ALLSTAR 
available in DAOPHOT II (Stetson 1993). Using stan- 
dard R magnitudes and V — R colors of the variable star 
and twelve local standard stars in the filed obtained from 
Rozhen BVR photometry, KAIT unfiltered instrumental 
magnitudes were transformed into Cousins R. A detailed 
discussion of the procedure can be found in Riess et al. 
(1999). The precision of the KAIT observations as a func- 
tion of magnitude is given in Table |l|. 

Table 1. Uncertainty of KAIT photometry. 
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a{R) 


18.0 


0.12 


18.5 


0.13 


19.0 


0.17 


19.5 


0.23 


20.0 


0.33 


20.5 


0.52 



The IR data were acquired with the infrared camera 
"CAMILA" with a NICM0S3 256 x 256 pixel detector 
attached to the 2.1-m telescope of the National Mexican 
Observatory. The scale is 0"85 pixel" ^, resulting in a field 
size of about 3.'6 x 3f6. A set of JK frames was taken on 
1998 October 13-15. The seeing during these observations 
was 1" — 1'.'2, with stable photometric conditions. Stellar 
photometry of the frames was done using DAOPHOT II 



2.2. Spectroscopy 

Spectroscopic observations were made with the Low 
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) 
on the Keck-II 10-m telescope. Two spectra of the pro- 
gram star were obtained in photometric conditions on 
1999 December 15. The seeing varied from 1" to 1'.'4, and 
the slit width was 1". A 300 grooves mm~^ grating blazed 
at 5000 A gave a wavelength range of 3900 - 8900 A 
(2.5 A pixel"^), with minimal second-order contamina- 
tion beyond 7600 A. The spectral resolution was 9.9 A 
(FWHM of the [O I] A6300 night-sky fine). The exposure 
time for each spectrum was 300 s. Both spectra were ob- 
tained at the parallactic angle of 130° (Filippenko 1982) 
at an airmass of 1.11. 

The spectra were flux-calibrated using the standard 
star BD-|-17°4708 (Oke & Gunn 1983) at airmass 1.06. 
The flux standard was also used to remove telluric ab- 
sorption lines through appropriate division. The two ex- 
posures were combined equally after scaling the first by a 
factor of 1.07. Cosmic rays and/or sky-line glitches were 
removed in the regions 6552.5 - 6660 A, 4097.2 - 4100 A, 
and 4470 A ( a single pixel). From our final merged spec- 
trum, we derive VRI magnitudes of the variable star. 
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Fig. 1. The long-term photometric behavior of the Mira- 
type variable in IC 1613 ("Nova 1999"). Gray circles are 
KAIT observations transformed to i?, crosses represent 
Rozhen observations, and the filled diamond is the R mag- 
nitude derived from the Keck-II spectrum. The Freedman 
(1988b) magnitude of 19.94 on JD 2,445,973.88 (filled 
dot) and the Fugazza et al. (2000) magnitude of 19.21 
on JD 2,450,305.90 (filled triangle) are also showh. 



3. Photometric Beliavior 

Figure shows the i?-band light curve of Nova 1999, us- 
ing the observations of Freedman (1988b), Fugazza et al. 
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Fig. 2. The mean i?-band light curve of the Mira-type 
variable in IC 1613. The period is 640.7 days. The symbols 
are identical to those in Figure |l|. 



(2000), the Rozhcn 2-m RC telescope, the transformed 
KAIT data, and the R magnitude derived from the Keck 
spectrum. Initially the star was suspected to be a nova in 
IC 1613 by King et al. (1999). Its long-term photometric 
behavior, however, is typical of Mira-type variable stars. 

We searched for the best period using a least-squares 
periodogram analysis by means of the phase dispersion 
minimization (PDM) task available in IRAF, and with 
a period-finding program based on the Lafler & Kinman 
(1965) "theta" statistic. The result is 640.7 days. This 
value is near the upper limit for Miras. The mean light 
curve from all observations is displayed in Figure The 
amplitude of the star is more than 2.5 mag in R, also 
typical for this type of red variable. 

The infrared photometry gives (J — K) — 1.14 and 
K = 14.69 mag on JD 2,451,100. As can be easily seen 
from Figure |l|, at this moment the K magnitude of the 
star is somewhat less but close to its average K magni- 
tude. Taking into account that the amplitudes of Mira- 
type variables are minimal in the infrared (not more than 
1 mag), it is interesting to check whether this object lies on 
the Mira period-luminosity (PL) relation found by Feast 
et al. (1989) in the LMC: Mk = -3.47 log(P/day) -f 0.78. 
According to this equation, the expected Mk is —8.96 
mag. For comparison, if we use the average observed K 
magnitude and an adopted distance modulus of 24.31 ± 
0.06 mag (Dolphin et al. 2001), we obtain Mk = -9.62 
mag. Thus, the star appears to be overluminous by about 
0.7 mag with respect to the PL relation derived by Feast et 
al. (1989) for LMC Miras. At long periods (P > 400 days), 
many LMC Miras show such behavior and the relation ap- 
pears to break down. It is possible that the situation in 
IC 1613 is similar. 



Fig. 3. Keck-II optical spectrum of the Mira variable star. 



4. Spectral Classification 



The spectra of very red stars are dominated by bands of 
TiO and other molecules, including VO. Figure ^ shows 
the spectrum of the 1999 Nova with the main spectral 
features marked. The depth of the bands is proportional 
to the temperature (spectral class) of the star. To quantify 
this relation O'Connell (1973) introduced spectral indexes 
defined as 



[TiO]i = -2.51og(F6i8o/[P6125 + (-^6370 - -^6125) 

(6180 - 6125)7(6370 - 6125)]), 

[TiO]2 = -2.51og(F7ioo/[P7025 + (-F7400 - -F7025) 
(7100 - 7025)7(7400 - 7025)]), 



[VO] = -2.51og(Fr8657[P7400 + (^soso - i^7400) 

(8050 - 7865)7(8050 - 7400)]). 

The fluxes are measured in 30 A bandpasses centered at 
the corresponding wavelengths. The positions of the band- 
passes for the two TiO indexes are shown in Figures 4a and 
4b. Based on several standard stars, Kenyon & Fernandez- 
Castro (1987) obtained a calibration of these indexes in 
the K and M spectral classes. Similar calibration but for 
the TiO band at 8462 A was used by Zhu et al. (1999). 
We will call this index [TiO] 3. 

To determine the spectral type of the star we first cor- 
rected the spectrum for the radial velocity of IC 1613, 
—238 km s~^. Then we measured the flux at the band- 
passes for each index. The results are given in Table I 
together with the quantity ST [see equations 5, 6, and 7 
of Kenyon & Fernandez-Castro (1987) and equation 1 of 
Zhu et al. (1999)] and the corresponding spectral class. 

The relatively early spectral type given by the [TiO]i 
index is due to an "emission" feature at 6180 A which falls 
in the bandpass and decreases the index. The other three 




Kurtev et al.: Mira-type Variable in IC 1613 

0.10 
-in 0.08 \- 

B 

o 

izi 




6000 6100 6200 6300 6400 6500 
Wavelength [A] 



7000 7100 7200 7300 7400 
Wavelength [A] 



Fig. 4. TiO molecular bands at (a) 6180 A and (b) 7100 A. The bars show the intervals used to construct the indexes. 



Table 2. Spectral indexes and classification. 



Index Value ST Sp. Class 



[TiO]i 


0.43 


2.3 


M2 


[TiO] 2 


0.53 


2.7 


M3 


[TiO] 3 


0.13 


3.3 


M3 


[VO] 


0.13 


3.0 


M3 


[Ca II] 


0.20 







indexes give a consistent spectral type, M3. The determi- 
nation of the luminosity class is much more uncertain. All 
of the proposed indicators are applicable to an M3 star, 
or the resolution of our spectrum is not sufficiently high 
to measure them. The only measurable index sensitive to 
the luminosity is Ca II A8542 (O'ConneU 1973). The value 
of the Ca II index plotted on Figure 7 of O'ConneU (1973) 
falls in the region of giants and supergiants. It is not pos- 
sible to distinguish between the M3I and M3III luminosity 
classes. Borissova et al. (2000) estimated the bolometric 
magnitude of the star to be —6.65, based on JK photom- 
etry, suggesting luminosity class I. The star also shows 
hydrogen Balmer lines in emission, so the spectral class 
should be M3Ie or M3111e. 

5. Is the Star a Mira? 

The red variables are classified as Mir as, semiregular, and 
slow irregular variables. Our light curve covers only one 
maximum well, and the classification of the star into one 
of these groups based on the photometry alone is not ob- 
vious. We know that the star has a period of 640.7 days. 
The R amplitude of the star is around 2.5 — 3 mag and 
the light curve is very asymmetric (Figure |2|) . Following 
Mattel et al. (1997), we could reject the semiregular and 
slow irregular classifications because of the large ampli- 
tude of the variations. Plotting the star on Figure 2 of 
Mattei et al. (1997), it falls in the region occupied by M- 



type and S-type Miras. Mennessier et al. (1997) classified 
the red variables in our Galaxy based on several criteria. 

10 I ' 1 ' 1 ' 1 ■ 1 
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Fig. 5. This is Figure 6 of Barthes & Luri (2001). It rep- 
resents the PL distribution of red variable stars of the 
LMC in the MACHO data base. The magnitudes in this 
figure are taken from Wood (1999). The calibrated models 
are given: fundamental mode (solid lines), first overtone 
(long-dashed lines), and second overtone (dashed lines). 
The Mira-like PL relations of Feast et al. (1989) and 
Hughes & Wood (1990; H & W) are also shown. The in- 
vestigated variable star (asterisk) falls in the zone of the 
first-overtone pulsating Miras in the LMC. 

We have three of them: the amplitude, the period, and 
the asymmetry of the light curve. The large amplitude 
and the long period again put the star between M and S- 
type Miras. But the light curve is quite asymmetric (the 
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rising part is about 30% of the period); hence, the star is 
most probably an M-type Mira. 

As mentioned above, the bolometric magnitude of the 
star is —6.65. The PL relation for Miras (Hughes & Wood 
1990) is 

(A/boi) = -3.22 - 7.76[log(P/day) - 2.4] ± 0.38, 

from which we predict a bolometric magnitude of — 6.37± 
0.38. Including also uncertainties in the period and photo- 
metric magnitude, the two estimates are completely con- 
sistent. 

In Figure |[ we plot the star on Figure 6 of Barthes & 
Luri (2001) representing the PL distribution of LMC red 
variable stars in the MACHO data base. Observational 
data are compared to the calibrated models, and the Mira- 
like PL relations of Feast et al. (1989) and Hughes & Wood 
(1990) are also shown. As can be easily seen, the variable 
star (asterisk in Figure ^ falls in the zone of the first- 
overtone pulsating LMC Miras. 

We can conclude that "Nova 1999" is a normal long- 
period M-type Mira variable star. This is the first con- 
firmed Mira star in IC 1613. The similarity between this 
star and the LMC Miras suggests that the metallicity does 
not play an important role in the physics of the pulsation 
of the Miras (Feast 1996). 
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